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Conventional two-dimensional microelectrode arrays (2D MEAs) in the market involve long manufacturing
timeframes, have cleanroom requirements, and need to be assembled from multiple parts to obtain the final
packaged device. For MEAs to be “used and tossed”, manufacturing has to be moved from the cleanroom to
makerspaces. In order to enable makerspace fabricated MEAs comparable to conventional MEAs, the
microfabrication processes must be optimized to have similar electrical properties along with
biocompatibility and number of recording sites. This work presents a makerspace microfabricated 2D
MEA having electrode densities up to a commercially popular 8 x 8 array, all fabricated under four days.
Additive manufacturing-based realization of the MEA devices provides immense flexibility in terms of
meeting distinct design requirements. A unique non-planar MEA having meso-scale electrodes on the
top side of a chip transitioning to traces onto the bottom side through electrical vias is presented in this
work. This allows for (a) monolithic integration of a culture well for devices having up to a 6 x 6 MEA
array, (b) selective electroplating of the meso-scale electrodes (500 um diameter) defined by silver ink
casting followed by pulsed electroplating of gold or platinum without any masking procedure, (c) casting
of a uniform and planar insulation layer via a novel process of confined precision spin coating (CPSC) of
SU-8 which acts as a biocompatible insulation atop the meso-scale electrodes; and (d) selective laser
micromachining to define the 50 um x 50 pm microelectrodes. For an 8 x 8 array, the culture well and
MEA chip framework are 3D printed as two separate parts and sealed together with a biocompatible
epoxy as in commercially available MEAs. The fabricated MEAs have an average 1 kHz impedance of 36.8
kQ/16 kQ with a double layer capacitance of 400 nF cm~2/520 nF cm~2 for nano-porous platinum/

nano-gold which is comparable to the state-of-art commercially available 2D MEAs. Additionally, it was
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terms of design to device while representing a dramatic reduction in cost, timeline for fabrication,
reduction in the number of steps and the need for sophisticated microfabrication and packaging
equipment.
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cardiomyocytes® in vitro. MEAs along with cells allow for
prediction of a drug's behavior prior to clinical trials and evades
numerous, expensive late stage drug development failures and
market withdrawals.>* MEAs are used to monitor the electrical
signals emanating from electrogenic cells or to stimulate these
cells electrically. These measurements are made in real-time,
allowing researchers to study how a cluster of cells reacts in
a small network area in vitro in the vicinity of the microelectrode
with great accuracy. The utilization of MEAs decreases the need
for animals in toxicity tests and allows for better benchtop drug
screening prior to animal studies or human clinical trials.* As
a result, MEAs today are used in “disease-on-a-chip” models for

1. Introduction

Microelectrode array (MEA) fabrication is vital to many fields
that require a reliable device for interfacing between electronic
circuits and biological cells such as neurons and
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neural diseases such as Parkinson's, epilepsy,>® Amyotrophic
Lateral Sclerosis (ALS), neuropathic pain and autism spectrum
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disorders. Additionally, it may also be used to improve the
existing cardiac safety mechanisms to evaluate arrhythmia
risk.”® MEA technology can therefore advance disease
modeling, drug discovery, safety and toxicology.

Conventionally, MEAs were fabricated from materials such
as glass,*™* silicon,"™** and polymers.”*” Glass MEAs are of
particular interest for their beneficial characteristics such as
biocompatibility, planarity and transparency. These properties
make them optimal for optical imaging and optogenetics
techniques. One can use an inverted microscope (transmitted
light) to study a sample from the bottom side of a glass MEA."
Another benefit of glass is that it is an insulator, so any
conduction is mainly in the traces leading to a less noisy signal
with better Signal-to-Noise Ratio (SNR). Since MEA are used
with living cells in culture for several weeks and in some assays
months, the biocompatible properties'®** of glass additionally
make it a good substrate material to fabricate MEAs. The
process of fabricating glass MEAs typically involves micro-
fabrication in a cleanroom environment, which involves long
fabrication timelines. Additionally, glass chips need to be
assembled utilizing Printed Circuit Board (PCB) techniques
leading to several backend process requirements after the glass
wafers are fabricated in the cleanroom.®

In recent years there has been a gradual shift in the methods
by which biological micro-devices such as MEAs have been
manufactured. Soft MEAs directly deposited on PDMS-, agarose-
, and gelatin-based substrates using ink-jet printing as
a patterning tool has been demonstrated for in vitro extracel-
lular recording of action potentials from cardiomyocyte-like HL-
1 cells which represents an important step toward the design of
next-generation bioelectronic interfaces in a rapid prototyping
approach.” Single substrate interfacing approaches wherein
soft devices, such as sensors, are directly printed on Kapton®
substrates that are widely used for fabricating flexible printed
circuit boards (FPCBs) have additionally been demonstrated for
interfacing soft and hard electronics for health and perfor-
mance monitoring, as well as internet of things applications.*

Makerspace fabrication is another alternative environment
to cleanroom fabrication and involves lower cost equipment,
materials and faster turnaround times.* Additionally, the
fabrication technique is scalable and can be quickly transi-
tioned to having 3D structures with rapid design changes in the
computer aided design (CAD) file. The large material palette
allows for the realization of flexible devices and hierarchical
design approaches eventually leading to the development of
multimodal sensors in combination with MEAs. Transitioning
the fabrication of these devices from a cleanroom environment
to a makerspace environment is an ideal solution for in vitro
MEAs and it can result in rapid design to device, cost effec-
tiveness, reduction of fabrication steps and disposability.”*-**
Since, these devices are mainly used for interfacing with cells,
a resolution in the range of micrometers is needed, which is
generally not achievable in a traditional makerspace environ-
ment. A “makerspace microfabrication” that enables a syner-
gistic association of the various unit processes present in
a makerspace combined with other traditional micromachining
processes is needed for such MEAs along with the optimization
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of different materials. Such an associative effort can achieve the
precision of traditional MEAs completely outside the cleanroom
without any backend packaging steps.

The use of “makerspace microfabrication” for realization of
biological microdevices has previously been reported by the
authors in a novel process entitled “3D Printing, Ink Casting
and Micromachined Lamination” or 3D PICLuM.?* A stereo-
lithography (SLA) apparatus is used to cure and build up
a photopolymer resin to define the framework of the devices.
This resin is optically clear to allow for the transparency that
makes glass MEA useful in optical assays.' The quality of the
printed device's features is mainly limited by the laser spot size
of the printer and the absorption spectra of the resin used.”
This resolution can be competitive with other makerspace
fabrication methods such as inkjet printed MEA."?*® With 3D
PICLuM, a 3D printed MEA with an electrode density of 3 x 3
was previously demonstrated as a proof of concept.”> Opti-
mizing the design, process and materials of this 3D PICLuM
approach would allow for a desired end product of a trans-
parent, high density, single well MEA that could be “used and
tossed” during research.” Some issues with the previously re-
ported 3D printed MEA include a low density array of electrodes,
partially exposed silver ink which is cytotoxic,””** uncontrolled
electrode properties as the process involved electroless plating
of platinum and manual assembly of the culture well.** A higher
electrode density is desired in sensing applications because it
allows for increased spatial and temporal resolution. Complete
coverage of the silver electrodes with biocompatible metals
would allow for better biocompatibility of the device. Addi-
tionally, if controlled quantities of nanomaterials can be
precisely defined, properties of the microelectrode such as
impedance and charge carrying capacity are bettered matched
across the device and as a result ensure comparability to glass
MEAs.

In this work, we demonstrate 2D MEA micro-manufactured
by “makerspace microfabrication” having density of 5 x 5, 6
x 6 and 8 x 8 microelectrodes. Two unique aspects of the
presented design are: (a) the non-planar approach which allows
for the electrodes to be realized on one plane and traces to be
present on another plane while being connected through elec-
trical vias and (b) integration of the biological culture well with
the MEA chip allowing for monolithic 3D printing of the entire
device (for devices having up to 36 electrodes). The metallic
functionality of electrodes and traces has been realized by
a silver ink-casting process in 3D printed microtroughs. As the
silver material is toxic to neural, cardiac and other electrogenic
cells,® the electrodes have been selectively electroplated by
pulsed electrodeposition of gold or platinum, both noble
biocompatible metals.** The unique non-planar design of the
MEA allows for the selective electroplating of the electrodes to
enable biocompatibility. Additionally, the non-planar design
enables a conformal and planar deposition of a biocompatible
insulation layer of SU-8 through an innovative process termed
confined precision spin coating (CPSC). Electroplating and laser
micromachining of the microelectrodes further enable nano-
scale topography of the materials creating higher surface area
and lower impedance.*** These engineering aspects pave the

This journal is © The Royal Society of Chemistry 2019
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way for a makerspace MEA that does not always require addi-
tional assembly steps and are functionally comparable to
cleanroom built MEAs.

2. Results & discussion
2.1 Design and optimization

The different stages of the fabrication process for the MEA
design is depicted in Fig. 1. The design is developed in 2D and
subsequently extruded to create a device with overall dimen-
sions of 19.4 mm X 19.4 mm X 1.4 mm (L x W x H) [Fig. 1(a)].
The shapes that make up the traces, and contact pads are cut
out from this square base to a depth of 150 um. The width of the
traces is 250 pm. The electrode vias (500 pm diameter with pitch
of 1 mm) are defined all the way through the entire thickness of
the device (2.8 : 1 aspect ratio) to give connective access to the
back side of the device for silver ink casting [Fig. 1(b)]. Addi-
tionally, four (4) reference electrodes of dimensions 500 pm
width and 1300 um length were 3D printed as vias similar to
that of the electrode vias. At this stage the electrodes on the top
side can be classified as meso-scale electrodes. This non-planar
approach also allows for the selective pulsed electroplating of
the meso-scale electrodes without the need for a defined mask
[Fig. 1(c)] and the definition of a planar, conformal insulation
layer by CPSC [Fig. 1(d)]. Laser micromachining of the insu-
lation layer atop the meso-scale electrodes results in

(a) 3D Printing

L,
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microelectrodes having desired size of commercial MEAs
[Fig. 1(e)]. It may be noted here that for realizing a 5 x 5 and 6 x
6 MEA design the culture well can be monolithically printed
along with the MEA chip. As the 8 x 8 MEA design has traces on
both sides of the chip, the culture well is printed separately and
affixed together with a biocompatible epoxy. The culture well
(either printed monolithically or affixed via biocompatible
epoxy) is dimensioned to fit around all the electrodes vias
[Fig. 1(f)].

The unique non-planar design allows for monolithic inte-
gration of the culture well as the metallization of the traces via
ink casting can be performed on the bottom side and the
conductive ink transitions to the top side through the vias to
yield electrodes on the topside of the MEA. With optimized
printing conditions the diameter of an open via which can be
successfully printed in a 1-1.5 mm thick die is 400-500 pm.>
Additionally, the width and depth of the micro troughs have
been determined to be 200-250 pm and 100-150 um respec-
tively for successful ink casting in the subsequent steps.* It is
important to note here that electrode densities beyond a 2 x 2
array require traces to be routed through the spacing between
the central electrode vias. For a 5 x 5 array, traces 250 pm wide
connect the microelectrodes to the landing pads on the chip
periphery. The minimum edge to edge separation between
traces is 100 pm for a 5 x 5 design. Increasing the packing
density even further to a 6 x 6 array, the minimum distance

I
=

(b) Ink Casting

-—

e L

(d) Insulation Definition by CPSC

-
> -
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(f) Final Fabricated Device
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Fig.1 Schematic of the fabrication process involving (a) 3D printing, (b) ink casting, (c) pulsed electroplating, (d) lamination by CPSC, and (e) laser
micromachining. (f) Schematic of final fabricated device with either nano-gold or nano-porous platinum microelectrodes.
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between the edges of adjacent traces is reduced to 60 pm while
maintaining the similar width for the traces. Reducing the
distance even further will not only result in print failures but
also increase the chances of adjacent traces to result in a shor-
ted connection upon ink casting. Through different routing
schemes, we have observed that a 6 x 6 electrode array is the
limit before multiple layers of routing have to be employed to
connect all the electrodes to the periphery of the chip.

To achieve an even higher packing density, adjacent traces
have to be routed even closer to each other. The increased
density improves the spatial and temporal resolution of the
MEA device. With proper design and optimization of the mak-
erspace processes and materials, a packing density as high as 8
x 8 can be achieved. As the distance between the traces cannot
be reduced below 60 pm for successful printing, this either
forces an increase in the spacing between the electrode vias or
movement of some traces to a separate layer. An increase in the
spacing between the microelectrodes will not only increase the
chip size but also decrease the spatial resolution of the MEA.
Thus, for an 8 x 8 design traces for 16 electrodes have been
transitioned to the top surface of the MEA while the remaining
48 traces are routed at the bottom. The 16 electrodes on the top
surface can be visualized as a 4 x 4 matrix with trace dimen-
sions similar to that on the bottom side. As the 8 x 8 MEA
design has traces on both sides of the chip, the culture well is
printed separately and affixed together with a biocompatible
epoxy. For an 8 x 8 design, the number electrodes on the top

(d)

Fig.2 Stages of MEA fabrication: (a and b) SolidWorks model (bottom and top views of 6 x 6 design), (c) Preform model, (d and e) printed device
(bottom and top views) and (f) 8 x 8 design in which the MEA chip and culture well are printed as two separate parts and affixed together with
a biocompatible epoxy. Scale bars in (d) and (e) correspond to 10 mm.
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side is significantly smaller than the bottom side, the traces can
be routed in a manner such that the minimum edge to edge
distance of 60 pm is not necessary. As the traces for the elec-
trodes on the top side run on the top surface of the chip, the 16
electrodes are not printed as through vias. The depth of the
electrodes in this case is 250 um, which is similar to the depth of
the traces. This additionally demonstrates the immense design
flexibility offered by our process technology as it allows for rapid
design changes.

Fig. 2(a) and (b) shows the bottom and top views of the
SolidWorks model for a 6 x 6 array. Fig. 2(c) shows the Preform
model with the scaffolding that are added around edges to
support the device while printing and to prevent any deforma-
tion that can result from the printing process. Multiple devices
can be added to the print bed to create several MEAs in
a parallel fashion (up to a ~6 inch x ~6 inch substrate). The
print time is primarily dependent on device height, so adding
multiple devices to the print bed does not increase the print
time. This is advantageous for batch fabrication of these
devices. Fig. 2(d) and (e) shows the bottom and top views of the
printed device. For the 8 x 8 MEA design, which has traces on
both sides of the chip, the culture well is printed separately and
affixed together with a biocompatible epoxy [Fig. 2(f)] similar to
what we have reported earlier.”

Throughout the process, the design had to be iteratively
optimized to increase the density of the microelectrodes in the
fabrication process. Due to the nature of additive

This journal is © The Royal Society of Chemistry 2019
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manufacturing, these changes were simple to implement as
necessary. One important design choice was to fabricate filled,
conductive vias to connect the electrodes and traces on two
opposite sides of the MEA chip. Another major design feature
was to add the culture well on the top side of the MEA with the
electrodes. Having the culture well connected to the MEA device
allows co-design and fabrication of an important device fixture
typically added as a separate feature during assembly steps.
Such assembly steps are completely avoided in this approach
with co-design and fabrication of the device and the package. It
also leads to the benefit a reliably leak-proof MEA device.
When adjusting the design in SolidWorks, the difference in
dimensions between printed parts and their models had to be
considered. Although the electrodes were modelled to 500 pm
in diameter, they resolved at approximately 450 um as seen in
Fig. 3(a). A similar offset of 50 pm was also observed for the
reference electrodes which printed 450 um wide and 1250 um
long in contrast to design values of 500 pm and 1300 pm
respectively [Fig. 3(b)]. For the traces the design to device offset
was measured to be approximately 10 um as the printed width
was measured at 240 pm compared to a design value of 250 um.
The reduced design to device variation in the traces as
compared to the vias is attributed to the depth of the features
(150 pm versus 1.4 mm for the vias). The larger depth would
correspond to more layers being 3D printed adding to the
probability of print defects resulting in larger offsets for the
additional printed layers. This offset needs to be considered
with modeling features that are either small or in close prox-
imity. As an example, adjacent traces become closer as we
continue to increase the electrode density. This design to device
offset can potentially increase the probability of neighboring
traces shorting together. The limit that we have experimentally
observed is to allow 80 pm between the traces during the design
process in order to avoid having the traces short together.

2.2 Ink casting optimization

The ink casting process when performed using the manual
casting method is repeatable. The viscosity of the paste was
observed to be a very important factor to properly fill the 3D
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printed micro-troughs for the traces. A silver ink with lower
viscosity (25 000-45 000 cP (ref. 33)) created difficulties in the
ink casting process. Switching to a silver ink with higher
viscosity (190 000 cP (ref. 34)) allowed for better results. In order
to optimize the bake time and temperature, the devices were
monitored periodically for resistance and extent of cure. The
devices were probed and resistance measurements from the
contact pad to the electrode were recorded in DC conditions
using a multimeter (Keithley 2400 Source Meter; Keithley
Instruments, Cleveland, OH, USA). If the probe affected the
silver ink, the device was not fully cured. The ink can be cured
for a shorter period of time at a higher temperature, but it
increases the thermal budget of the process and results in
device warpage.”* Due to the design choice of the trace depth
(150 um), the sanding when done carefully does not affect the
conductivity in the traces. When depth of the microtroughs for
the traces is not optimum, reduced deposition of the ink causes
possible trace removal during the sanding process. The optimal
design choice of 150 um deep microtroughs additionally
enabled an IPA rinse step to remove any silver dust particles that
result from the sanding process. At this step, silver meso-scale
electrodes of 500 um diameter are created and can be used as
MEAs.

Fig. 4(a) depicts the photo micrograph of the bottom side for
the ink-casted 5 x 5 device. It is observed that the ink casted
traces run through the designed micro troughs without shorting
adjacent electrodes. Further, it was observed that a minimum
distance of 80 pum can be maintained between the traces
without shorting them together in a photo micrograph of the
bottom side of a 6 x 6 ink casted MEA device [Fig. 4(b)]. Fig. 4(c)
and (d) show the top side containing 16 electrodes on an 8 x 8
MEA and the bottom side accommodating the remaining 48
electrodes. No evidence of shorting was observed in this
repeatable process to produce an 8 x 8 grid of electrodes. SEM
imaging of fabricated devices was performed to observe the
electrodes and traces further in high magnification. SEM
imaging confirms the optical micrograph results of the elec-
trode vias transitioning to traces in a repeatable, uniform
fashion [Fig. 5(a)] and no shorting between adjacent electrodes
[Fig. 5(b)]. However, the electrical vias are not completely filled

Fig. 3

(@) SEM image of the vias and traces and (b) reference electrodes after 3D printing showing a reduced design to device offset of

approximately 50 um. The diameter of the dotted circles is 450 pm. The length and width of the dotted reference electrode is 450 um wide and
1250 pum long. The width of the micro troughs for subsequent ink casting is measured as 240 pm showing a design to device offset of ~10 um.

Scale bars in figures corresponds to 500 um.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Optical micrographs of the bottom view of (a) 5 x 5 and (b) 6 x 6 ink casted device. Top view or 8 x 8 ink casted device showing (c) 16
electrodes on the top side and (d) 48 electrodes on the bottom side. Scale bar in figures correspond to 10 mm.

with the silver paste as seen in Fig. 5(c) and (d). This may be due
to the shrinkage of the paste due to the evaporation of the
solvents during the curing step.

2.3 Pulsed electroplating optimization

Pulsed electroplating allows for greater control over the nano-
material properties of the planar MEA.** Further, as silver is cyto-
toxic,”?® the meso-scale electrodes can be selectively encapsulated
with a biocompatible metal. The additive manufacturing process
of pulsed electroplating provides improved biocompatibility, high
level of control over the microelectrode properties, including
matching of properties across the microelectrodes in the MEAs.
Two different metals with favorable properties were electroplated:
in addition to be very inert and biocompatible, platinum is a hard
metallic layer and corrosion resistant making it good option as
a microelectrode material®® and gold is conductive, wear resistant
and biocompatible.’” DC plating is a simple process to set up but
results in poor coverage and adhesion to the underlying mate-
rials.>* However, pulsed electroplating causes an increased nucle-
ation rate leading to the formation of finer grains resulting in
a controlled and adjustable process for biocompatible material
definition with improved adhesion.*** The time of pulsed elec-
troplating needs careful optimization and a clear effect of the
plating time on the plating quality is observed in Fig. 6(a—f). At the
higher end of the electroplating time spectrum (120 seconds) for

8954 | RSC Adv., 2019, 9, 8949-8963

both platinum and gold, the metal layer is clearly over plated as
seen in Fig. 6(e) and (f). At the lower end of the time spectrum (40
seconds), the unfilled areas of the electrode vias which occurred
due to the shrinkage of the silver paste do not completely fill the
edges of the vias and this effect is observed for both platinum and
gold electroplating more clearly during SEM imaging. An opti-
mized electroplating time of 60 seconds was sufficient to fill the
edges of the vias as observed in the SEM images of Fig. 7(a) and (b).
Fig. 8(a) shows SEM image of a silver electrode with an optical
photo micrograph in the inset. Fig. 8(b) and (c) depict SEM images
of the nano-porous platinum and nano-structured gold micro-
electrodes respectively. The nanoscale topography of both the
materials is clearly observed for these images. ImageJ analysis* of
the SEM topographies indicates a ~13% and ~25% porosity of the
electroplated nano-porous platinum and nano-gold respectively.
This is evidence of an optimized pulsed electroplating process as
opposed to rougher deposits of metal, a characteristic of DC
electroplating.**** Our observations hold for the full MEA device.

2.4 Confined precision spin coating (CPSC) and laser
micromachining optimization

In order to enable biocompatibility and transition the meso-
scale electrodes to microelectrodes, the inside of the culture
well is coated utilizing a newly developed insulation technology.
This method has been named Confined Precision Spin Coating

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) SEM imaging depicting the microelectrodes transitioning smoothly to the traces as seen from the bottom side of the MEA chip. (b)
Adjacent traces separated by a gap of ~80 um. SEM image of ink casted electrodes with (c) unfilled electrode edges and (d) close up of (c).

(CPSC). The unique non-planar design of the MEA allows for
a major advantage during the insulation definition process. As
the traces for the electrodes are on the bottom side for most
designs, a planar and conformal coating on the electrodes in the
top side are obtained after CPSC. The spin coating process not

*
o

only covers the electrodes but also the inner walls of the culture
well so that the 3D printed resin does not come in contact with
the cell culture media or the cells. Allowing the SU-8 to spread
inside culture well manually before spin-coating, the CPSC
method, resulted in a more uniformly thin insulation layer (4 +
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Fig. 6 Comparison of different electrodes plated for varying amounts of time with the same current density. Top and bottom rows of images

correspond to platinum and gold electroplating respectively. Time of e
seconds. Scale bars on figure correspond to 100 um.
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1 um).** Fig. 8(d) shows the SEM image of the SU-8 cast MEAs
with a conformal and uniform layer of insulation.

As already discussed the pulsed electroplated platinum and
gold layers have nanoscale topographies and MATLAB® anal-
ysis of Fig. 8(b) and (c) indicate that the electroplated platinum
layer has an average pore radius of 400 nm as compared to the
average pore radius of 600 nm for the electroplated gold.
Fig. 9(a) and (b) shows the relative frequency of different pore
radii of the pulse electroplated platinum and gold layers
respectively. Although the average pore radius of both the
layers are moderately comparable, the increased porosity of
the gold layer over the platinum layer (~25% for Au as
compared to ~13% for Pt) would result in higher effective
surface area when compared to the geometric area of the
microelectrode.
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(a) SEM images depicting pulsed electroplated platinum atop the silver ink casted electrodes with (b) depicting filling of the electrode edges.

Laser micromachining of the SU-8 layer enables the definition of
the recording sites on the meso-scale electrodes after CPSC to
realize the microelectrodes. The laser micromachining is per-
formed, after CPSC and fully cross linking the material, to selectively
define nano-porous platinum [Fig. 9(c)] and nano-gold [Fig. 9(d)]
microelectrodes of 50 pm x 50 pm size in the SU-8 layer. It is worth
noting that the electroplating process performed after CPSC and
laser ablation, resulted in limited success with the plating process.
We believe this is due to surface hydrophobicity and liquid tension
that impede the electroplating solution from gaining access to the
recording site. Switching the electroplating process to before insu-
lation definition allowed for reliable fabrication of plated electrodes.
Fig. 10(a—c) show the final fabricated devices from previously re-
ported 3 x 3 array* to a monolithically integrated 6 x 6 array and
a standard, commercial density 8 x 8 MEA.

Fig. 8 SEM images of (a) silver electrodes with photo micrograph of ink casted silver electrode as inset (scale bar of the inset image corre-
sponding to 100 pm), (b) nano-porous platinum electrode, and (c) nano-gold electrodes. (d) SU-8 CPSC MEA device after platinum electroplating

showing a conformal layer of uniform insulation.
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Fig. 9 Pore size distribution of the (a) nano-porous platinum and (b) nano-gold layers. SEM image of laser micromachining on (c) SU-8 CPSC
over platinum and (d) SU-8 CPSC over gold. The defined microelectrode of ~50 ym x 50 um area is outlined.

2.5 Characterization

For characterization of these device, a full spectrum impedance
measurements were performed. The full spectrum impedance
allows for a complete view of the impedance of the device at
different frequencies. Microelectrode noise is directly propor-
tional to the square root of the real part of the impedance value
and as a result, a low noise electrode implies a low impedance
value and improved signal to noise (SNR) during signal acqui-
sition (voltage measurements) in electrophysiology.**** From
the resistance measurements performed at DC during ink
casting, the conductivity was already observed to be consistently
excellent due to an average resistance of 4.46 Q with a standard
deviation of 4.9 mQ (N = 25). Fig. 11(a) shows the full spectrum
impedance of the silver ink casted, nano-porous platinum, and
nano-gold electrodes prior to insulation definition (meso-scale
electrodes). It is observed that the impedance values at the
electrophysiologically significant frequency of 1 kHz (ref. 42 and
43) decreases significantly after pulsed electroplating of either
metal.* Fig. 11(b) depicts the full spectrum impedance of gold
and platinum electrodes after laser micromachining of the SU-8
insulation. As the electrode size is now 50 pum x 50 pm, the
impedance at 1 kHz increases significantly because the elec-
trode impedance is inversely proportionally to the geometric
size of the electrode.*” Specifically, the nano-porous platinum

This journal is © The Royal Society of Chemistry 2019

microelectrodes exhibit an average impedance of 36.8 kQ at 1
kHz (N = 3) while the nano-gold microelectrodes show an
average impedance of 16 kQ at 1 kHz (N = 3). Fig. 11(c) depicts
the phase response (in degrees) of the fabricated MEAs. An
equivalent electrical circuit based on the well-established Ran-
dles impedance model***” was developed (Fig. 11(b-d)). Using
this model, key circuit components of the fabricated MEAs were
extracted. The extracted circuit elements have been represented
in Fig. 11(d) and the analytically obtained curves for impedance
and phase spectra have been presented along with the experi-
mentally obtained values in Fig. 11(b) and (c). It is observed that
the increased porosity of the gold electrode results in lower Rcr
values for the nano-gold MEAs as Rcr is inversely proportional
to the surface area of the electrode.*” This causes the impedance
spectral of the nano-gold MEAs to be lower than the nano-
porous platinum MEAs in the very low frequency regime
(~100 Hz). The increased porosity of the nano-gold MEAs also
results in higher Cp;, (520 nF cm™ %) when compared to Cpy value
of 400 nF cm™? for the nano-porous platinum MEAs. The
presence of the Warburg element*® is observed in both the
MEAs with similar values of solution resistance (Rg).*> The
phase spectrum as observed in Fig. 11(c) has shifted from —60°
to near 0° with an increase in frequency which implies that the
overall characteristics of the electrode-electrolyte interface is

RSC Adv., 2019, 9, 8949-8963 | 8957
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Fig. 10 Optical images of the final fabricated device ready for testing transitioning from the previously reported 3 x 3 array?? (a) to a mono-
lithically integrated 6 x 6 array (b) and a high density 8 x 8 array MEA (c). Scale bar in the images corresponds to 10 mm.

governed by the double layer capacitance (Cpy,) at mid-range of
frequencies (10°-10° Hz) and becomes more resistive at higher
frequencies (>10° Hz) as the solution resistance of the electro-
lyte begins to dominate the electrode-electrolyte interfacial
impedance as it has been observed with other reported
MEAs.*** For comparison, typical 2D MEAs fabricated in
a cleanroom having similar sizes have a high impedance (real
part) at lower frequencies and decrease in impedance as the
frequency increases with an impedance of 20-40 kQ at the
electrophysiologically significant frequency of 1 kHz.'>***

2.6 Comparison of the glass MEAs and 3D printed MEAs

A manufacturing technology-based comparison of glass MEAs
and planar, additive manufacturing based MEAs was performed
to understand whether AM technologies can compete with
traditional silicon/glass MEMS technologies with respect to
various feature sizes. Fig. 12 represents the comparison of the
deviations in dimensions of glass MEAs and 3D printed MEAs
(values represent an average of N = 3 devices for both MEA
types). The values show the relative deviation of the measured
average from the designed dimension. Measurements of
dimensions of microelectrodes, reference electrodes, traces,
contact pads and SU-8 openings were performed. The relative
deviation of the measured average from the expected design
values were determined to achieve a comparison of the two
technologies. The data represents less than 5% deviation from

8958 | RSC Adv., 2019, 9, 8949-8963

design for the 3D printing-based approach in more than the
half of the categories that were measured, which is comparable
to the glass approach. The 3D printing-based process compares
very favorably in terms of design to device with traditional glass-
based cleanroom processes while representing a dramatic
reduction in cost, timeline for fabrication, reduction in the
number of steps and the need for sophisticated equipment. A
technological summary comparing the two technologies is
conducted in Table 1, where it is observed that the additive
manufacturing approach compares favorably with the tradi-
tional approach in environment, number of process steps, time,
cost and equipment/materials. Resolution of cleanroom-based
approaches is superior but laser micromachining and
advanced 3D printing technologies®™** can bridge the gap
between both technologies even in this space. Furthermore,
both fabrication techniques use SU-8 as insulation, which is
self-planarizing and it reduces surface roughness issues.*?

3. Experimental
3.1 Design and 3D printing

The total die size is 19.5 mm x 19.5 mm X 1 mm to maintain
compatibility with the Axion BioSystems (Atlanta, GA, USA)
commercial MUSE electronics (Axion BioSystems, Atlanta, GA,
USA) and AxIS software (version 2.3, Axion BioSystems, Atlanta,
GA, USA). After choosing a desired electrode density and

This journal is © The Royal Society of Chemistry 2019
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Fig. 11 Full spectrum impedance graphs for (a) 450 um diameter electrodes and (b) 50 pm x 50 um laser micromachined electrodes (as ob-
tained experimentally and by modelling), (c) phase (degrees) of the 50 um x 50 um laser micromachined electrodes (as obtained experimentally
and by modelling). (d) Randles equivalent model used for extraction of the MEA circuit elements and the estimated values for the nano-porous

platinum and nano-gold MEAs.

a routing strategy, SolidWorks (SolidWorks 2017; Dassault
Systémes, Waltham, MA, USA) was used to realize the design.
The design file is then converted in the software PreForm
(PreForm Software 2.16.0; Formlabs, Somerville, MA, USA) to
orient and add support structures to the model for printing. The
model is subsequently printed (Form 2; Formlabs, Somerville,
MA, USA) using a clear resin (Clear Resin FLGPCL04; Formlabs,
Somerville, MA, USA). After the print is completed, the support
structures are removed from the print bed and the devices are
soaked in isopropyl alcohol (70% IPA; Thermo Fisher Scientific
Inc.,, Waltham, MA) for 10 minutes. The rinse process is
repeated again in a fresh IPA bath to remove any uncured resin.

3.2 Ink casting

Once the MEA framework is subject to a drying process using
a nitrogen gun, silver nanoparticle ink (PRIMA-SOLDERT™
EG8050; Al Technology, Princeton Junction, NJ, USA) is added
to the bottom side of the device. The ink is deposited evenly
using a cotton swab and excess ink is removed. The ink removal
is carefully controlled in order to reduce the probability of loss
of conductivity of the traces. After casting the ink, the device is
cured in an oven (Precision Compact Oven; Thermo Fisher

This journal is © The Royal Society of Chemistry 2019

Scientific Inc., Waltham, MA, USA). The optimal curing time at
45 °C was 24 hours. Upon removal from the oven, the top side of
the ink cast MEA was sanded (UEETEK Dry Wet Waterproof
Sandpaper Sheets 1000 Grit) to get rid of any excess silver and
prevent and shorting of traces.

3.3 Pulsed electroplating

Electroplating solution of either gold (TSG 250; Transene
Company Inc., Danvers, MA, USA) or platinum (hexachloro
platinic acid with HCI and Lead Acetate, as defined in our prior
work??) is added into the culture well and a platinum wire, used
as the counter electrode, is inserted into the solution. The gold
electroplating solution was pre-heated to 80 °C in a glass beaker
prior to being transferred to the culture well. The current and
voltage control that is required to perform electroplating was
performed using a programmed Source Meter with two probes
(Keithley 2400 Source Meter; Keithley Instruments, Cleveland,
OH, USA). One of the probes is connected to the cathode which
is attached to a piece of copper tape (Copper tape; Tapes Master,
Monterey Park, CA, USA) shorting all of the contact pads of the
device together and the other probe is connected to the anode.
The Keithley 2400 Source Meter was programmed to have

RSC Adv., 2019, 9, 8949-8963 | 8959
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Fig. 12 Comparison of the deviations in dimensions of glass micro-
machined and 3D printed MEAs (values represent a measured average
of N = 3 devices for both MEA types). The values show the relative
deviation from the measured average to the designed dimension.

a graphical user interface using Labview (LabVIEW NXG 2.1;
National Instruments, Austin, TX, USA) to conduct waveform
specific electroplating. This process involved using an instru-
ment driver and programming an example interface that can
serve to input the electroplating parameters. The final execut-
able program, allows for adjustment of process parameters such
as duty cycle, source amplitude, pulse time, number of pulses,
compliance amplitude, and waveform type (pulsed or constant).
The chosen process parameters are entered into the LabView
executable program, for implementing the electroplating
process sequence. After process development a final recipe was
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developed consisting of a square wave pulse having a duty cycle
of 50% was chosen with a current density of 1 A cm™>. The
voltage compliance amplitude was set at 10 V and the electro-
plating was performed for 40 seconds, 60 seconds and 120
seconds for both platinum and gold. After the desired electro-
plating time, the Source Meter automatically stops and the
probes are disconnected from the device. Additionally, the
plating solution is removed and the culture well is rinsed with
DI water and IPA.

3.4 CPSC process development

A 60 puL drop of SU-8 (SU-8 GM 1050; Gersteltec, Pully, Swit-
zerland) is added into the culture well and spin-coated (G3P-8
Coater; Specialty Coating Systems, Inc., Woodland Dr, Indian-
apolis, IN, USA) for 40 seconds at 2660 rpm. The SU-8 layer is
subsequently cross linked for 10 minutes under a UV flood light
(Loctite Zeta 7411 UV Flood Curing System; Loctite, Henkel
Technologies, Diisseldorf Germany). This creates a thin layer of
biocompatible insulation'® that will protect any cells from the
undesired toxicity of the 3D printed resin. Additionally, this
layer planarizes the top layer of the MEA and exhibits sufficient
dielectric properties for reliable signal transmission during the
use of the device in electrical, electrochemical and electro-
physiological characterizations.

3.5 Laser micromachining

A multi-modal laser micromachining tool (QuikLaze 50ST2;
Eolite Lasers, Portland, OR, USA) is used to ablate through the
SU-8 layer and define the recording sites (microelectrodes). The
multi-modal laser was operated in the 50 Hz ultraviolet (UV)
wavelength in order to ablate the SU-8 layer. Each square hole
created by the laser, when being used in the UV mode with
100% aperture size, is 50 pm x 50 pm in size. To ablate all the
way through the SU-8 layer, the laser is pulsed at an individual
electrode using 100% aperture and 50% power with a burst of 2
shots (7.2 m]).

Table 1 Technological summary of the microfabrication development and manufacturing of glass micromachining and 3D printing-based

approaches for planar (2D) MEAs

Glass micromachining 3D printed
Environment Cleanroom Makerspace/benchtop
Process steps >10 <10
Resolution <1 pm ~2 um®?, ~27 pm®
Total time Upto 4 months ~4 days
Cost 3559 $

Fabrication equipment

Yes

Glass wafer, photoresist, photo mask,
metal pellets/metal target, insulation,
solvents, PCB, gold wire, etc.

Backend equipment
Materials

Mask aligner, fumehood, spinner, hot plate,
wirebonder, die attach, E-beam evaporator,
mask maker/high res. printer, dicing saw, etc.

3D printer, oven, UV-lamp, micromill, laser,
spinner, benchtop sputterer or E-beam evaporator,
current source

None

3D printing resin, isopropanol, stencil mask,
conductive ink, electroplating materials, insulation

“ Laser micromachining (QuickLaze 50ST2, Eolite Lasers, Portland, OR, USA). ? Nanoscribe GmbH (Nanoscribe, Eggenstein-Leopoldshafen,
Germany). © Asiga Digital Light Processing (DLP) 3D printer (MAX X27); (Asiga, Sydney, Australia).
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3.6 Measurements

Full spectrum impedance measurements of both meso-scale
and microelectrodes were performed using a Bode 100 (Bode
100; Omicron Labs, Houston, TX, USA) for logarithmic
frequency sweeps from 10 Hz to 10 MHz on each electrode with
Phosphate Buffer Solution (PBS) (Dulbecco’'s Phosphate Buffer
Solution; Thermo Fisher Scientific, Waltham, MA, USA) as the
electrolyte and a platinum wire (Pt/Ti Wire Anode; eDAQ,
Denistone East, Australia) as the counter electrode. Imaging of
the devices was conducted with a Scanning Electron Microscope
(SEM) (ULTRA-55 FEG SEM; Carl Zeiss, Oberkochen, Germany)
and a stereomicroscope (SMZ800 Zoom Stereomicroscope;
Nikon, Tokyo, Japan).

4. Conclusions

We present a complete makerspace enabled fabrication of
a single well 8 x 8 MEA for in vitro electrophysiology and bio-
sensing applications. The reported process can result in rapid,
robust, benchtop based, and design-to-device in a matter of 4
days as opposed to cost and time intensive, cleanroom-based
approaches. The process is extremely cost-effective for Micro-
TAS and BioMEMS devices to be manufactured in low resource
settings. A unique non-planar design approach for the micro-
fabrication of the MEAs enables both silver ink casting without
shorts and selective pulsed electroplating (another additive
manufacturing process) of biocompatible electrode materials
such as gold and platinum selectively on the microelectrodes.
The non-planar design choice additionally helps in realizing
a planar and conformal layer of SU-8 insulation by a Confined
Precision Spin Coating (CPSC) technique. The culture well was
integrated in the design of the device for most designs which
allowed for monolithically 3D printing the entire device. The
addition of the SU-8 insulation and electroplating of the elec-
trodes with platinum/gold make the device biocompatible for in
vitro applications. The fabricated 50 um x 50 um MEA having
a maximum of 64 electrodes has an 1 kHz impedance of 36.8
kQ/16 kQ with a double layer capacitance of 400 nF cm™2/520 nF
cm ™ ? for nano-porous platinum/nano-gold respectively which is
comparable to the state-of-art commercially available 2D MEAs.
We believe our results are very significant for the cell-based
biosensors, environmental sensors and other communities
since this technology can result in quick turnaround of ideas to
a prototype that can be tested rapidly reducing cycle time
between iterations and advancing the end applications such as
toxicity screening and drug discovery.
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