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Abstract—We report the development of metal-transfermicromolded 3-D microelectrode arrays (3-D MEAs) and demonstrate successful electrical characterization, biocompatibility
measurements, andelectrophysiologicalrecordings from rat hippocampal brain slices with these MEAs. Metal transfer micromolding is introduced as a manufacturing technology for producing
nonplanar
metallized
patterned microelectromechanicalsystems devices such as MEAs on polymeric substrates. This
technology provides a self-aligned metallization scheme that
eliminates the need for complex 3-D lithography. Two techniques,
i.e., an intentionally formed nonplanar mold and a shadow
mask, are demonstrated for the self-aligned metallization scheme.
The MEAs have further been packaged using custom-designed
commercial printed circuit boards and insulated using parylene
deposition. Recording sites have been defined using two
techniques: laser micromachining/reactive ion etching (RIE)
of parylene and selective deposition of parylene using a “capping”
technique. Electrical (impedance spectroscopy), biocompatibility
(2-D planar cultures of neurons), electrophysiological (tissue
slice recordings) characterizations of the MEAs are successfully
demonstrated in this paper. The impedance of the electrodes
was modeled based on a classical equivalent circuit, and highfrequency impedance estimation techniques were studied. We
believe this fabrication approach offers an attractive route
to disposable and biocompatible 3-D MEAs, utilizable by the
neurophysiology and pharmacology communities.
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I. I NTRODUCTION

M

ICROELECTRODE arrays (MEAs) are important tools
to study single neurons and the functional organization
of neural networks and tissues. Dissociated cultures of neurons
are becoming more popular in many physiological studies due
to their superior performance compared with in vivo models in
terms of electrical recording and stimulation, pharmacological
manipulation, and imaging [1]. Due to the size of the cells
involved which is on the microscale, an attractive technique
for manufacturing MEAs is microfabrication, which has been
used to make planar (2-D) devices. Several microfabricated
2-D arrays have been reported in the last 35 years for extracellular stimulation [2] and recordings [3] from cultured
neuronal cells and brain slices. These have traditionally been
fabricated on common microfabrication substrates, such as
glass and silicon [4], [5]. Recently, however, there has been
a shift from traditional substrates to nontraditional ones like
polyimide [6] and polydimethylsiloxane (PDMS) [7] as these
materials provide the potential for cost-effective large-volume
micromanufacturing. Furthermore, the ability to produce MEAs
with these materials provides familiarity to the end users: the
biologists who prefer to work with familiar materials like polymers. Two-dimensional MEAs are limited in their applicability
to 3-D cell constructs (like tissue slices or 3-D dissociated
cultures) mainly due to attenuation of the electrical signal
from cells [leading to poor signal-to-noise ratios (SNRs)] as
the neuron–microelectrode distance increases. In the case of
tissue slices, the dead cell layers (which occur due to the
dissection procedure) serve as the source for poor SNRs.
Heuschkel et al. [8] report that protruding electrodes achieve
higher signal amplitudes in spike recordings due to the better
penetration of the slice and the ability to get past the dead
cell layers. The electrodes reported by Heuschkel et al. are less
than 100 μm above the planar surface. Thus, a technology that
combines 3-D functionality (higher than 100 μm), scalability,
and mass manufacturability is required to address the current
and future needs of the in vitro electrophysiological, neurophysiological, and pharmacological communities. This, however,
is challenging as lithography on nonplanar surfaces is not
easily accomplished. Approaches that have been reported for
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Fig. 1. Schematic of the proposed metal-transfer-micromolded 3-D MEA. The inset on the right shows the electrode area with 25 metallized towers (3-D
electrodes) and 25 electrode traces (2-D electrodes).

nonplanar lithography include optimized resist coatings [9],
laser micromachining [10], and electrodeposited resists [11].
In this paper, we report microfabrication and packaging technologies that we believe provide attractive alternative routes to
address the needs listed earlier.
Microassembly is the most common approach in the
microelectromechanical-systems (MEMS) community to fabricate in vivo 3-D MEAs. Approaches have been reported by
Wise [12] to fabricate in vivo MEAs which are integrated with
electronics for wireless data transmission. These probes are
fabricated on silicon substrates using planar micromachining
technologies and are optionally assembled to achieve a true
3-D form [13]. Recently, Rowe et al. [14] reported a microassembly of a series of microfabricated planar SU-8 towers
to achieve 3-D MEAs for in vitro studies. Other 3-D MEA
fabrication technologies reported include a combination of acid
etching/sawing [15] and electrical discharge machining of a
singular slab of metal like stainless steel or titanium [16].
The first integrated (and, hence, batch fabricated) fabrication
approach toward protruding or spiked MEAs was reported by
Thiebaud et al. [17] and Metz et al. [18]. These MEAs are
manufactured in silicon and glass, respectively, but the reported
heights of the electrodes are less than 100 μm. Takei et al.
[19] recently reported an interesting approach for achieving
3-D MEAs integrated with electronics on the same chip based
on vapor–liquid–solid growth of silicon probes to achieve the
electrode structure. However, the height of the probes demonstrated in this paper was around 30 μm.
Approaches that lend themselves easily to mass manufacturing and/or large-area processing are attractive alternatives to
microassembly or other types of processes for this application.
Toward such a goal, micromolding and batch fabrication are reported in this paper toward the microfabrication of 3-D MEAs.

Metal transfer micromolding (MTM) is introduced in this paper
as a potential candidate for achieving 3-D MEAs with electrode
heights of 300–500 μm or greater. The height of the electrodes
can be controlled to suit the intended application. MTM has
two distinct advantages which can be exploited to overcome
the previously listed fabrication/production challenges: 1) a
self-aligned metallization scheme that allows for simultaneous
metallization/patterning of electrode towers at different heights
and 2) a micromolding-based approach which lends itself to
scaling and mass production. Fig. 1 shows the schematic of
such a device, with the closer inset depicting the electrode
area. The design chosen for the 3-D MEA is a 5 × 5 array of
metallized towers in the center of the chip and electrodes at
the bottom of each tower (2-D counterparts). All the electrodes
can be individually addressed electrically at the periphery of the
chip. The overall chip dimensions are 10 mm × 10 mm, with
the towers themselves being 280 μm at the base with a pitch
of 800 μm. The fabrication and packaging of such a device
is reported in this paper. Detailed electrical characterization of
these MEAs has been carried out with development of the background impedance theory from classical electrode–electrolyte
interactions. This theory predicts that the real part of the impedance of microelectrodes at the higher frequencies (greater
than 1 kHz) is related only to the base area of the electrodes
which was explored experimentally. A scheme to fine-tune
the impedance of a microelectrode to suit the application was
developed. Furthermore, the impedance model demonstrated
expected results for impedance variation with electrode size.
The biocompatibility of the materials involved in constructing
these MEAs has been evaluated with a 2-D planar culture of
neurons. These MEAs have been further evaluated for their
ability to record electrophysiological signals from hippocampal
brain slices of postnatal rat pups.
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Fig. 2. Process flow for the shadow mask approach: (a) Separate fabrication of the PDMS mold and the Kapton shadow mask. (b) Alignment of the mask to the
mold. (c) Deposition of a layer of gold (Au) and chromium (Cr) using a physical vapor deposition system. (d) Removal of the shadow mask. (e) Solvent-casting
of the target polymer. (f) Demolding of the MTM 3-D MEA with metallized electrodes and metal traces.

II. M ICROFABRICATION
A. MTM: Shadow Mask Approach
The negative-tone epoxy SU-8 (Micro-Chem, Inc., Newton,
MA) has been used as a structural material in MEMS fabrication for sometime now [14], [20], [21]. Standard top-side
and bottom-side exposures and inclined rotational exposures
are utilized to define various shapes in SU-8 [22]. By utilizing
micromolding, this rigid mold can be converted to a flexible
mold fabricated using PDMS.
An important step toward the realization of manufacturingfriendly approaches for producing 3-D MEAs is self-aligned
metallization and metal patterning. Three-dimensional fabrication to pattern metal in trenches or towers is a complex problem in MEMS and requires the difficult approaches listed in
Section I. In order to simplify fabrication, we have developed

an MTM-based approach [23] which can be thought of as an
extension of 2-D metal transfer processes like those used in
nanoimprinting [24]. This process exploits the surface energy
difference between PDMS (19.8 mJ/cm2 [25]) and other polymers (surface energy typically higher than PDMS) to transfer
metal patterns from one to the other during the process of
micromolding. This is shown in
Wsub-metal − WPDMS-metal = (γsub − γPDMS )
− (γsub-metal − γPDMS-metal )

(1)

where Wsub-metal and WPDMS-metal are work functions of
adhesion between polymeric substrate/metal and PDMS/metal,
respectively. γsub and γPDMS represent surface energies of
polymeric substrate and PDMS, respectively. γsub-metal and
γPDMS-metal represent interfacial energies between substrate
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Fig. 3. Optical micrographs of (a) a laser micromachined Kapton shadow mask, (b) a PDMS mold selectively metallized using the shadow mask, (c) the side
view of a demolded 3-D MEA (fabricated using SU-8) (metal traces (electrodes) are running along the height of the tower), and (d) the side view of a selectively
metallized 3-D MEA.

and metal and between PDMS and metal, respectively. We have
successfully demonstrated metal transfer during micromolding
onto the following polymers: SU-8, polymethyl methacrylate
(PMMA), and polyurethane (PU). Two separate approaches
have been demonstrated to accomplish the metal transfer:
1) selective metal removal using an intentionally formed nonplanar mold using 2-D metal transfer, which is described in
detail in the next section, and 2) selective metal deposition
onto and into the mold features using a shadow mask. The
shadow mask process is detailed in Fig. 2(a)–(f). It begins
with the fabrication of a shadow mask [Fig. 2(a)] using an
excimer laser (Resonetics, Inc., Nashua, NH) ablation process
of thin Kapton (∼125 μm) sheets. The ablation is achieved at
250-mJ energy (20% attenuation) at the rate of 50–60 μm per
cut. Feature sizes as small as 20 μm can be achieved using this
recipe. This mask is then aligned with a PDMS mold [fabricated
with inclined UV lithography and micromolding as described in
[22], Fig. 2(b)] and held in place with pins. Alignment marks
are micromachined on the shadow mask to aid this process
(alignment accuracy of ∼25 μm; alignment is performed under
a stereoscope and two pins secure the arrangement, and a
shadow mask can be reused after etching the metal layers). A
layer of Au/Cr (500 nm/10 nm) is evaporated [Fig. 2(c)] onto
this mold using a filament evaporator (Kurt J. Lesker Company,
Clairton, PA). The shadow mask is then removed [Fig. 2(d)],
and the target polymer (PMMA, SU-8, or PU) is cast onto the

mold [Fig. 2(d)]. The polymer is postprocessed and demolded
from the PDMS mold [Fig. 2(e)]. Metal is transferred during
this process from the PDMS to the target polymer. Fig. 3(a) and
(b) shows optical micrographs of a Kapton shadow mask and
the PDMS mold with metal deposited using the shadow mask.
Fig. 3(c) and (d) shows optical images of a demolded SU-8
3-D MEA fabricated using this technique. However, this
method suffers from a few disadvantages: 1) The process of
making a shadow mask is time consuming and serial, 2) alignment of the shadow mask to the mold is nontrivial, and 3) due to
coefficient-of-thermal-expansion mismatch between the mold
(PDMS, 310 ppm/◦ C [26]) and the shadow mask (Kapton,
20 ppm/◦ C [27]), the resulting metal trace width is larger than
the intended value, which could lead to potential shorting in
high-density arrays. Hence, a nonplanar mold approach, which
allows for self-alignment and eliminate these potential problems, was investigated. This technique is described in detail in
the following section.
B. MTM: Nonplanar Mold Approach
The microfabrication process using a nonplanar mold for a
3-D MEA is schematically shown in Fig. 4. It begins with the
exposure of pyramidal pits on 700-μm-thick SU-8 [Fig. 4(a)]
using inclined UV lithography. A second layer of SU-8 (100 μm
thick) is spin coated on the mold without developing the first
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Fig. 4. Process flow for the nonplanar mold approach: (a) Inclined UV exposure of 700-μm-thick SU-8 to form trenches. (b) Top-side alignment of a second layer
of SU-8 to form metal traces. (c) Development of both layers together to fabricate an SU-8 rigid master. (d) Fabrication of a flexible mold using micromolding.
(e) Metallization of the mold using a physical vapor deposition tool. (f) Patterning of the electrodes using a high-surface-energy plate. (g) Solvent-casting of the
target polymer. (h) Demolding of the 3-D MEA.

layer. A second mask that has the metal interconnection patterns
is aligned with the first layer and then exposed [Fig. 4(b)].
Both layers are simultaneously developed after postexposure
baking [Fig. 4(c)] to obtain a two-layer SU-8 rigid mold. A
master structure is fabricated by casting premixed PDMS into
this rigid mold. A sputtered Cr/Au (10 nm/150 nm) layer is
used to aid the release of the master from the rigid mold.
This master structure is metallized (using the same release
layer), PDMS-cast, and cured to get a flexible PDMS mold.

This nonplanar mold has the same patterns as the original rigid
two-layer SU-8 mold [Fig. 4(d)]. To define the electrodes, an
Au/Cr layer (500 nm/10 nm) is evaporated [Fig. 4(e)] on the
flexible PDMS mold using a filament evaporator. Metal transfer
is achieved by bringing a high-surface-energy plate (such as
a silicon wafer or scotch tape) in contact with the metallized
PDMS mold [Fig. 4(f)]. The metal is patterned at this step. This
is accomplished by two mechanisms: 1) the fact that the surface
energy of PDMS is lower than the plate that is in contact with
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Fig. 5. SEMs and optical micrographs of (a) two-layer rigid SU-8 mold, (b) a flexible PDMS master fabricated from the SU-8 mold, (c) the side view of a
demolded PMMA 3-D MEA [electrodes are provided both as metal traces (2-D) and metallized towers (3-D)], and (d) side view of a demolded PU 3-D MEA
showing the clear distinction between 2-D and 3-D electrodes.

the mold and 2) the nonplanarity of the mold. Both of these
enable geometrical isolation of the electrode patterns. Once the
metal has been patterned, the target polymer can be cast onto
and into the patterned PDMS mold [Fig. 4(g)]. Devices using
several target polymers, including SU-8, PMMA, and PU, have
been fabricated. Exposure (in the case of SU-8) with 5000 mJ of
I-line UV and solvent casting (in the case of PMMA and PU)
serves as a means of releasing/demolding the 3-D MEA from
the PDMS mold [Fig. 4(h)]. This process yields a patterned
3-D MEA device that has 50 individually addressed 2-D and
3-D electrodes. Fig. 5(a) shows a SEM image of a twolayer rigid SU-8 mold. Fig. 5(b) shows a SEM image of the
PDMS master fabricated from the SU-8 mold. Fig. 5(c) and
(d) shows optical micrographs of the side views of a PMMA
and a PU MEA, respectively. Electrodes are embedded in
both the base layer and at the tips of the pyramids (300–
500 μm above the planar surface), offering two levels of electrodes in the z-plane.
III. PACKAGING
A. 3-D MEA Packaging
The fabricated tower arrays need to be packaged for a
complete 3-D MEA. Packaging is a nontrivial issue as mi-

crospaced electrodes need to be connected to macrospaced pads
for electronics interfacing. Packaging accounts for over 70%
of the cost of the final device in semiconductors, MEMS, and
biomedical devices [28]. Hence, it is highly desirable that costeffective solutions for packaging are in place as MEMS devices
are being conceived and constructed. Several techniques have
been developed to package these devices. The first technique is
similar to the methods used in [10], but instead of wirebonding
to connect the MEA to the bond pads of the packaging chip
(fabricated from fused silica wafers using lift-off techniques),
conductive epoxy (Master Bond, Hackensack, NJ) was utilized.
In order to develop a manufacturing-friendly approach, commercial printed circuit boards (PCBs) were designed and fabricated. The design and layout for the PCBs was performed using
CAD Soft Eagle (CadSoft Computer Inc., Pembroke Pines, FL)
and fabricated using a standard two-metal-layer (with a layer
of FR4 in between the metal layers at Custom PCB, Kuala
Lumpur, Malaysia) process. The top metal layer contains large
macrosized pads for interfacing with external electronics (e.g.,
preamplifier). The bottom metal traces (connected to the top
pads through plated vias) were terminated using bond pads
(microsized) to attach to the 3-D MEA. The overall dimension
of the PCB was designed to be 49 mm × 49 mm to be compatible with a Multichannel Systems (Multichannel Systems
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Fig. 6. (a) Optical photograph of a packaged 3-D MEA with the top side shown. We can clearly see the MEA, the culture ring, and the PCB macropads for
electronics interfacing. (b) Optical photograph of a packaged 3-D MEA with the bottom side shown. A silicon gasket is used for alignment, and force contact is
provided with an acrylic spacer for attaching the PCB to the MEA die.

(MCS), Reutlingen, Germany) preamplifier setup which was
used for the electrical and electrophysiological measurements
(described in Section IV). A central port (dimensions: 12 mm)
was also drilled as part of the PCB fabrication process to
serve as an interface between the electrodes and tissue slices.
It also serves as an optical port for microscopic imaging
during experimentation. A process combining a self-alignment
scheme (custom-made silicon gaskets attached to the back of
the PCB onto which the MEA chips were placed) and force
contact using an acrylic spacer (which held the MEA chip and
PCB together in intimate contact) was developed to achieve
packaging of the MTM 3-D MEA. This technique ensures that
the assembly is simple and scales well to higher electrode
counts.
Fig. 6(a) and (b) shows images of the packaged and assembled 3-D MEA. A culture ring (dimensions: OD—24 mm,
ID—22 mm) was fabricated by laser micromachining (CO2
laser, New Hermes-Gravograph, Duluth, GA) of acrylic sheets
(thickness of 6 mm) and attached to the PCB using PDMS to
complete the packaging. The culture ring serves two purposes:
1) acts as a containment ring for biological material and 2) holds
the platinum electroplating (described in the following section)
solution.
B. Recording Site Electroplating
Commercial 2-D MEAs typically have a 5-μm layer of
biocompatible insulation (SU-8) spin coated and recording
sites defined for electrical stimulation and recording by planar
lithography [29]. For the 3-D MEAs described in this paper,
this is not possible due to the fact that the electrodes are
300–500 μm above the planar surface. Thus, nonconventional
techniques have to be developed to passivate the MEAs and
define the recording sites. Two techniques were evaluated in
this paper—a process combining laser micromachining and
reactive ion etching (RIE) of a conformally deposited polymer
and selective deposition of this very same conformal polymer
using a “capping process.” Parylene has been selected as the
conformally deposited polymer in this process. It is biocompat-

ible [30] and can be deposited at relatively low temperatures
compatible with polymer processing. Furthermore, it is laser
micromachinable, as previously reported [10], [32]. FR4, the
commonly used epoxy composite in PCBs, is a known cytotoxic
substance [31]. To effectively insulate the substrate, a thin layer
of PDMS was coated in the area surrounding the central port of
the PCB (could come in contact with cells). A layer of parylene
(5 μm thick to be compatible with commercial devices) was
deposited over the entire packaged assembly (Parylene Deposition System, Speciality Coating Systems, Indianapolis, IN). The
selective excimer laser micromachining of parylene deposited
on thin metal has been described in detail in our previous
work [10], [32]. These techniques were used to selectively
ablate parylene. Recording sites (50 μm in size) were ablated
on both 2-D and 3-D electrodes. The residual parylene from
the laser microablation was effectively removed using a RIE
(CHF3 /O2 Plasma) process. This etch step targeted the removal
of 1 μm of parylene. Impedance spectroscopy (described in
the next section) was performed after this step, and the results
are shown in Fig. 11(a). A selective deposition of parylene
was additionally developed to simplify the insulation definition.
A “3-D capping microdevice” was fabricated using SU-8, as
described in techniques reported in our earlier publication [10].
These devices [Fig. 7(b)] were then utilized to selectively “cap”
the 2-D and 3-D recording sites, as shown in Fig. 7(a), and
subsequently, parylene was deposited on the entire structure.
This process ensured simplification of the parylene definition
and improved yields [Fig. 11(b)]. Platinum black was then electroplated onto the recording sites. Electroplating platinum black
increases the surface area of the electrodes, serves to reduce
the impedance, and ensures that high-frequency microelectrode
characterization can be performed [33]. Ross [34] describes the
design and implementation of a platinum electroplating setup in
more detail. Platinum black is electroplated onto the recording
sites of the 3-D MEA using a current density of 4.9 μA/cm2
at room temperature using a solution of 1% chloroplatinic acid
with 0.0025% HCl and 0.01% lead acetate (all diluted in DI
water). Optical micrographs of electroplated recording sites are
shown in Fig. 8.
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Fig. 7. “Capping technique” for deposition of parylene insulation: (a) Schematic of the capping technique. (b) Optical and SEM micrographs of the fabricated
“capping” structures. These structures are microfabricated utilizing a double-sided exposure of SU-8 technique [10].

IV. T ESTING AND R ESULTS
A. 3-D MEA Impedance Modeling
Material and physical properties of the electrode have
profound influence on the stimulation and recording from
neural tissue. Thus, explicit shaping of the impedance spectrum of a microelectrode depends on understanding how
physical properties of the electrode (material, cross-sectional
area, etc.) relate to this spectrum. Over the past decade, the
microelectrode–electrolyte theory has been extensively studied
[33]–[35], and we are not attempting to recreate the theory
in this paper but this established theory has been applied to
the MTM 3-D MEA to evaluate how experimental considerations relate to theoretical analysis. Remarkably, the complex electrode–electrolyte interface is described by a rather
simple lumped-circuit model, shown in Fig. 9(a), consisting
of an interface capacitance CI shunted by a charge-transfer
resistance RT with a spreading resistance RS . Each of these
circuit elements is uniquely described by the electrochemical
processes and electrode geometry [35]. This lumped-circuit
model tuned to describe various 3-D electrode sizes (electrodes
approximated to be circular with respect to a distant ground

electrode) demonstrates the expected reduction in impedance
with increase in size of the electrode, as shown in Fig. 9(b). This
model provides a validation for the experimental data that are
obtained (Fig. 11). Each of the components that make up this
interface is related to either the surface-area/material properties
of the electrodes (CI and RT ) or the base geometric area of the
electrode (RS )[35]. This has been demonstrated in the model
by sensitivity analysis (increasing each of these parameters
sequentially by 100 times while keeping the other two constant
for a 50-μm-diameter circular electrode) and the impedance
changes correspondingly, as shown in Fig. 10(a), with RT affecting the low-frequency spectrum, CI affecting the midband,
and RS affecting the high-frequency band, respectively. Various
parameters were extracted from the measured impedance data
and compared with the data reported in the literature (and used
in our impedance model), as shown in Table I. The extracted
parameters agree in the same degree with model parameters
as other MEA approaches where complex microfabrication is
involved [18], [29], [33].
Of particular interest among these various parameters is the
impedance in the higher frequency spectrum (1 kHz and above).
This impedance is very important for electrophysiologists as
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Fig. 8. Optical micrographs of the electroplated platinum black onto the
MTM MEA recording sites. (Top) Pt on a 2-D recording site. (Bottom) Pt on a
3-D recording site.

the baseline noise is directly proportional to this impedance,
as predicted by theory [33]. The interesting feature of this impedance is that it is directly related to the geometric area of the
electrode and, hence, can be studied optically by measuring the
electrode size. Thus, having a level of control over this process
ensures that lower impedances can be accomplished at these
frequencies. Since this high-frequency impedance is directly
related to the base area of the electrode, it can potentially
provide feedback to processing. For circular electrodes, this
impedance is given by [32]
√
ρ Π
ρ
=
(2)
Rs =
4r
4A
where ρ is the resistivity of the medium, r is the radius of the
microelectrode, and A is the base area of the electrode.
The geometric base area of the electrodes was measured
under the microscope, and the impedance was plotted as a
function of base area both based on theoretical predictions and
experimental determination (at 10 kHz). This plot is shown
in Fig. 10(b). Although a general trend (inverse variation as
predicted) can be observed, there is significant variation in the
results. The reasons for this can be traced back to the difficulty
in measurement and control of the size of the electrodes with
our current processes. This result is consistent with what was
observed by other researchers in this area [33]. Furthermore,
there is no accurate way to estimate the geometric base area of

Fig. 9. Microelectrode impedance model. (a) Classic microelectrode–
electrolyte circuit representation. (b) MATLAB modeling results for such a
classic microelectrode of various sizes.

3-D electrodes which are shaped as cones rather than circles,
thus exacerbating the problem (even though the assumption
of circular electrodes was made, it was with the recognition
that the modeling section was not the focus of this paper).
Nevertheless, this technique, in combination with platinum
deposition, provides a potential mechanism by which the highfrequency impedance of the electrode can be tuned to suit the
application.
B. 3-D MEA Impedance Spectrum Measurement
The electrical impedance spectroscopy of the fabricated 3-D
MEA device may be used to evaluate the electrical properties of
individual electrodes and can provide feedback to processing,
as described previously. An example of this is platinum black
not adhering well to the recording sites due to redeposition of
parylene during laser micromachining. Therefore, it is critical
to establish the viability of each electrode before biological
testing. This is accomplished with a Stanford Research SR785
(Stanford Research Systems, Sunnyvale, CA) two-channel
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Fig. 10. Electrical impedance modeling versus experimental results: (a) Modeling results for the various regimes of the individual components in the
model. (b) Modeling versus experimental results for high-frequency impedance
depicting a trend.
TABLE I
C OMPARISON B ETWEEN M ODELING AND E XPERIMENTAL PARAMETERS
FOR E LECTRODE I MPEDANCE M ODEL
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Fig. 11. Electrical impedance spectroscopy results: (a) Representative results
for an MTM 3-D MEA with recording sites defined utilizing a laser micromachining/RIE process. (b) Same result for a representative MEA with recording
sites defined utilizing a “capping” process showing improved yield.

nique). The same result for the “capped” 3-D MEAs is shown
Fig. 11(b), depicting the higher yield of this process compared
with that of laser microablation.
C. Biocompatibility Evaluation With 2-D Planar
Cultures of Neurons

dynamic signal analyzer augmented with a custom-built controlled switching board that allows for rapid automated measurements of the magnitude and phase of microelectrode
impedances across a large range of frequencies (1 mHz–
100 kHz). Impedance measurements were performed between
the microelectrode, ground, and the cellular conducting media (Hank’s Balanced Salt Solution, Invitrogen Corporation,
Carlsbad, CA). The fabricated and packaged 3-D MEAs were
interfaced with this custom setup, and each electrode was
scanned. Fig. 11(a) shows the impedance spectroscopy measurements of the 3-D MEA (laser micromachining/RIE tech-

Several new materials like PMMA, PU, and lasermicromachined parylene are being introduced in this paper to
microelectrode fabrication by the MTM process. The biocompatibility of these materials needs to be evaluated before these
MEAs can be tested for electrophysiological stimulation and
recording of dissociated cultures or slices. The evaluation of
biocompatibility was carried out as part of this work, utilizing
2-D planar cultures of rat neurons (from the cortex). The
procedure for extraction of neurons from pregnant rats is given
in detail by Cullen and LaPlaca [36] and was approved by the
Georgia Institute of Technology (Georgia Tech)’s Institutional
Animal Care and Use Committee (IACUC). The extracted
neuronal cells were plated as a planar culture at a cell density
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Fig. 12. Fluorescent microscopy images of 2-D planar neuronal cultures growing on various substrates after five DIV and percentage viability of all MTM
samples tested with controls.

Fig. 13. (a) Electrophysiological spike recordings from brain slices of ten-day postnatal rat pups on three separate electrodes. (b) Optical micrograph of a tissue
slice on a 3-D MEA.

of 1250–2500 cells/mm2 on the following samples: 5-mm2
pieces of PMMA, PU, parylene-coated/laser-scribed PMMA,
parylene-coated/laser-scribed PU, and a 12-well control plate
of polystyrene. The cultures were maintained at 37◦ C and
5% CO2 -95% humidified air in an incubator. The cultures
were evaluated daily (by optical microscopic inspection) for
survival, and the media was changed every 24 h for five days.
Live/dead imaging was performed at five days using confocal
microscopy (multiphoton excitation confocal microscope, LSM
510 NLO META, Carl Zeiss, Inc., Oberkochen, Germany).
Prior to imaging, the samples were fluorescently stained with
1.6-μM Hoechst 33 258 and 3-μM propidium iodide (Molecular Probes, Eugene, OR). The details of procedures for
live/dead staining are described in [36]. Fig. 12 (top) shows
the fluorescent microscopy images for all five samples. The
viability was evaluated by counting the number of live cells
(fluorescing green) and the number of cells with compromised
membranes (nuclei fluorescing red) at five days in vitro (DIV).

The counting was performed under the confocal microscope
by isolating five regions in each culture and averaging the cell
count across these regions. Viability is expressed as a percentage of the number of live cells divided by the total number of
cells plated. The viability of all the materials was comparable
with the 12-well plate, as shown in Fig. 12 (bottom). The
value of viability for all the materials was within the range:
85% ± 5.1%. This demonstrates excellent biocompatibility of
the materials involved in the MTM process (with respect to
neuronal cells).
D. Electrophysiological Spike Recordings From Tissue Slices
Electrophysiological recordings were performed using hippocampal slices from ten-day postnatal rat pups. The dissection procedures for tissue slices are provided in detail by
McClain et al. [37] and were approved by the Georgia Tech’s
IACUC. Briefly, a hippocampal brain tissue was isolated from
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postnatal Sprague Dawley rat pups at day 10. The pups were
anesthetized with 5% isofurane in oxygen prior to decapitation and harvest, which was performed within 10 min of
sacrifice on a chilled surface to maximize tissue viability. The
hippocampi were removed from the brain and sectioned into
500-μm-thick slices using a McIlwain Tissue Chopper (Mickly
Laboratories and Engineering, Surrey, England). Three slices
were separated in Gey’s balanced salt solution (Sigma-Aldrich,
St. Louis, MO) and arranged on the 3-D MEA and held in place
by an organotypic cell culture membrane (Greiner Bio-One,
Monroe, NC) and a stainless steel ring. A room-temperature
oxygenated extracellular-based buffered salt solution bathed the
slices during the recording session. To enhance neural firing,
the potassium concentration was elevated to higher than normal
physiological levels at 20 mM. Recording was done on multiple
sets of freshly dissected slices using a recording preamplifier (MEA 1 060) and MC Rack software (MCS, Reutlingen,
Germany). Fig. 13(a) shows individual spikes from three different electrodes that are greater than ±50 μV. Fig. 13(b) shows an
optical image of a tissue slice on a 3-D MEA. This demonstrates
the ability of metal-transfer-molded 3-D MEAs to successfully
record electrical spikes from neuronal aggregates. Studies on
burst patterns and spike recognition algorithms are outside the
scope of this paper.
V. D ISCUSSION AND C ONCLUSION
Microelectrode arrays are an important tool in the study of
neuronal cultures and brain slices. In vitro models of neuronal
cultures are becoming more popular in physiology and pharmacology as they show better performance metrics compared
with their in vivo counterparts. The research standard for MEAs
are planar 2-D MEAs but these suffer from rapid data attenuation in the z-direction when stimulating/recording from 3-D
dissociated cultures like tissue slices. Three-dimensional MEAs
are required for these types of cultures. Integrated 3-D MEAs
are relatively rare due to the complex nature of the MEMS
technologies that are needed to fabricate and package them.
We have demonstrated one such technology: MTM, which
has the potential to not only fabricate 3-D MEAs relatively
easily but also to mass produce them. We have further packaged the MEAs on custom-designed PCBs. We have taken
the well-established electrode–electrolyte theory and applied
it to our 3-D MEAs. The impedance predicted by the theory
and the spectrum obtained through experiments agree in the
same degree as other complex MEA approaches. We have also
developed a metric to tailor the high-frequency impedance of
a 3-D MEA to suit the application. Polymers like PU and
PMMA have been introduced to MEA fabrication, and the
biocompatibility of these materials has been evaluated using
2-D planar cultures of neurons. These materials show excellent cell viability after five DIV. Finally, electrophysiological passive spike recordings have been performed utilizing
brain slices from the hippocampus region of ten-day postnatal rat pups. This technology demonstrates excellent promise
for manufacturing-friendly 3-D MEAs and potentially answers
the needs of the electrophysiological and pharmacological
communities.
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